ABSTRACT Double-rope winding mine hoist (DRWMH) is a vital coal mining equipment whose performance directly impacts the safe and efficient exploitation of the deep earth resources. Unfortunately, the actuator faults and disturbances can greatly affect the effect of the DRWMH. This paper deals with the problem of tension coordination control against actuator faults and disturbances for a DRWMH driven by multiple permanent magnet synchronous motors (PMSMs) using the neural-based adaptive method and iterative learning scheme. To improve the control performance and to maintain the stability of the DRWMH under faulty conditions, in this approach, a novel neural-based adaptive control strategy is developed to implement the input control assignment of the actuators. An iterative learning controller is used to achieve the compensation of the faults and uncertainties. The stability of both control subsystems has been proven. A series of experimental results are illustrated to demonstrate the validity of the proposed fault tolerant control for the DRWMH, which also reveal that a superior control effect is achieved in contrast with traditional controllers. Furthermore, the strategy proposed in this paper can be applied to other mechanical systems driven by multiple PMSMs that require high safety.
I. INTRODUCTION
Double-rope winding mine hoist (DRWMH), also known as Blair multi-rope system, is vital coal mining equipment whose performance directly impacts the safe and efficient exploitation of the deep earth resources. In the past few decades, with the rapid growth in energy consumption, researches on operation reliability of DRWMH have extensively increased [1] - [3] . Compared with the traditional single-rope winding hoists, DRWMH has the advantages of improved load capacity, lighter in weight, more cost-effective and safer performance since load on the conveyance can be shared by multiple cables. On the other hand, due to their complex coupled dynamics characteristic and the effect of The associate editor coordinating the review of this manuscript and approving it for publication was Mark Kok Yew Ng. disturbance, difficulty in control is still the major drawback associated with the DRWMH [4] .
In fact, according to the practical experience of the past, the main factor limiting the use of the DRWMH is the broken rope which is mainly caused by the uneven tension of the ropes [5] . Therefore, the tension control of the ropes has attracted wide attention of scholars and forms an open field of research with the advancement of control theory research [6] . In the literature [7] , a robust nonlinear adaptive back-stepping controller was used to adjust wire rope tensions for a double rope hoisting parallel. A nonlinear disturbance observer was applied to cope with the uncertainties. Reference [8] designed an output feedback boundary controller to solve the problem of tension oscillation inconformity in a dualcable mining hoist. Reference [9] presented a type-2 fuzzy adaptive inverse controller for inclination and tension control of a cable-driven parallel system. Reference [10] proposed a robust PID controller for fully-constrained cable driven parallel manipulators with uncertain dynamic parameters. However, these studies focus on the suppression of system disturbances. When the actuators fail, the controller not only could not achieve the desired effect, but also would even cause serious safety accidents [11] . Therefore, a challenging problem for the DRWMH is how to ensure good performance of the controller when the actuator failure occurs.
Actually, in many practical safety-critical systems such as flight control system [12] , satellite control system [13] , and chemical control system [14] , the design of the fault tolerant controller (FTC) has received a lot of attention and discussion. Several approaches have been proposed for stabilization of linear and nonlinear systems under actuator faults. In general, the existing FTC methods can be divided into two types: passive FTC and active FTC [15] , [16] . For the passive FTC, the controller is directly designed robust enough to deal with faults and uncertainties. For instance, in the literature [17] , a sliding mode control technique was used to design a robust controller for a quadrotor under actuator faults. Reference [18] presented a robust H ∞ controller with finite-frequency constraint for an active suspension system with actuator faults. However, passive FTC design must consider the type and size of the faults in advance, and can only deal with limited type of faults, which limits their use.
For the active FTC, the controller configures the control law online in real time based on fault or failure information, it usually necessitates a detection and identification (FDI) strategy to evaluate faults first. In [19] , an actuator fault tolerant control scheme was proposed for differential-drive mobile robots based on the multiple-model approach. The linearized model and extended Kalman filter were used to detect, isolate and identify actuator faults. In the literature [20] , the design problem of fault-tolerant dynamic surface controller for a class of uncertain nonlinear systems with actuator faults was discussed. Nonlinear adaptive fuzzy observers were constructed to estimate the actuator faults. A RBF neural network based fault estimation observer and a sliding mode based fault detection observer were designed to detect actuator faults for a rigid spacecraft in [21] . A fast terminal sliding mode control technique was further developed to compensate for faults.
In recent years, the number of researchers concentrating on solving the problem of fault tolerant controller design for linear and nonlinear systems using adaptive control method continues to increase [22] , [23] . The direct adaptive fault tolerant control method does not require a fault detection and diagnosis (FDD) module or a quantitative parameter knowledge of the system, and thus is more suitable for industrial use. In [24] , a model-free adaptive fault tolerant attitude tracking controller was developed for a flexible spacecraft in the presence of inertia uncertainties, external disturbances and uncertain actuator failures. A novel adaptive third-order sliding mode control based FTC strategy for permanent-magnet machines was presented in [25] where complicated fault detection and fault diagnosis algorithms can be avoided. In [26] , a novel fault tolerant controller combing a backstepping technique and an adaptive method was proposed for a satellite under actuator faults.
As for the design of fault-tolerant controller for DRWMH, there are few theoretical results or experimental results. At the same time, hybrid factors consisting of drum winding interferences [27] , flexible rope structure [28] , friction at headgear sheave [29] and drive motor uncertainties [30] bring difficulties to the design of fault-tolerant controller. In this paper, a novel approach to design a robust adaptive controller is proposed to deal with actuator faults, where RBF neural network [31] is employed to handle actuator bias and uncertainties. Nevertheless, only relying on the function of closedloop adaptive feedback still cannot effectively suppress the disturbance and completely eliminate the impact of the faults.
Thus, a feedforward feedback iterative learning controller (FFILC) is also presented to compensate uncertainties and remaining faults effects. As an intelligent control method, iterative learning controller (ILC) [32] is mainly used for disturbance suppression of complex systems with repetitive operation characteristics. Due to its simple design, ILC has been used in many applications to improve the control performance including robot manipulators [33] , highspeed trains [34] , batch processes [35] , permanent-magnet machines [36] and cooperative multiple mobile cranes [37] .
The main contribution of this research is to present a novel hybrid controller utilizing both adaptive method and iterative learning strategy to deal with uncertainties and actuator faults for a form of DRWMH driven by permanent magnet synchronous motors (PMSM), and its verification in a DRWMH experimental platform. The stability of overall controllers in presence of actuator faults and uncertainties is proven. To verify the effectiveness of the proposed algorithm, a number of comparative experimental studies have been conducted on a DRWMH test platform under different actuator faults working conditions. The experimental results show that the proposed method has better fault tolerance performance than traditional PID controller and FFILC.
The rest of the paper is organized as follows. The structure of DRWMH and the configuration of the test bench are described in the following section. Section 3 presents dynamics model of the mechanical subsystem and electrical model of the PMSM. Specific design details and stability proof of the proposed controller are discussed in Section 4. Section 5 demonstrates a series of comparative experimental results and analyzes the performance of the three algorithms under different working conditions. Section 6 draws conclusions.
II. SYSTEM STRUCTURE AND TEST PLATFORM A. STRUCTURE OF THE DOUBLE-ROPE WINDING MINE HOIST
The double-rope winding mine hoist can be divided into two parts with the same structure, as shown in Figure 1 . Each part consists of two wire ropes wound on the same winder VOLUME 7, 2019 FIGURE 1. Double-rope winding mine hoist. drum, two movable headgear sheaves fixed above the tower, and a conveyance suspended at both ends of the ropes. When the motor drives the winder drum to wind the wire ropes, the force is transmitted to the conveyance along the wire ropes, and the conveyance is moved up and down. One side of the conveyance rises while the other side of the conveyance descends, thereby achieving continuous coal transportation. In the actual operation process, the unavoidable factors such as rope groove deviation and stiffness deviation will cause the deviation of the rope length and lead to the tension imbalance. At this time, the movable headgear sheaves move up and down to adjust the rope length so that tension inconformity between wire ropes can be eliminated. However, in the event of a movable headgear sheave fails, it will be difficult for the controller to achieve inherent regulation performance, posing a potential risk to the safe operation of the system.
B. STRUCTURE OF THE TEST PLATFORM
Taking into account the damage that may be caused by the failure experiment, in this section, a small experimental system is built to simulate the actual working conditions of DRWMH and test the controller's effect. Figure 2 illustrates the structure diagram of the experimental DRWMH platform driven by PMSMs. The experimental platform mainly comprises eight components: a winding drum driven by PMSM (PMSM-1), two hoisting ropes, two movable headgear sheaves driven by PMSMs (PMSM-2 and PMSM-3), two guide rails fixed to the ground, a conveyance, a host computer, a real-time control system and two tension sensors.
The PMSMs use the same model, whose specifications are as follows: rated output power 400 W, maximum rotation speed 3000 rpm, and rated torque 1.3 Nm. Each motor comes with an encoder that can measure real-time speed and is connected to a reducer whose reduction ratio is 10 to increase output torque. The tension sensors which are configured with a range of 0-200 N and an output of 0-5V are mounted at the connection of the ropes and the conveyance. 
III. MATHEMATICAL MODEL OF DRWMH
In this section, for subsequent analysis and controller design, the mathematical model of DRWMH mechanical subsystem is given, and the electrical equation of the PMSM is formulated.
A. MATHEMATICAL MODEL OF THE MECHANICAL SUBSYSTEM
Figure 3(a) shows the multi-degree-of-freedom dynamic model of the mechanical subsystem, in which the rope characteristics are described by the mass-spring-damping model. According to DRWMH dynamics theory, the motion equations of connection sites are [38] 
where m vri (i = 1, 2) represent the mass of the connection sites. d vri (i = 1, 2) indicate the longitudinal displacements of the connection site. The angular displacements and equivalent radius of the headgear sheaves are denoted by θ si (i = 1, 2) As shown in Figure 3 (a), the conveyance is a three-degreesfreedom system whose mathematical model can be described by equations as follows
where the inertia and the mass of the conveyance are denoted by J sk and m sk , respectively. The overall impact moment of force on conveyance is
k gyi s gyi y gyi + c gyiṡgyi y gyi (5) where the local frame vertical coordinates of four guide shoes are denoted by y gyi (i = 1, 2, 3, 4). The equivalent stiffness coefficient, equivalent damping coefficient and displacement change in the horizontal direction of the guide shoes are represented by k gyi (i = 1, 2, 3, 4), c gyi (i = 1, 2, 3, 4) and
The moment of action of the longitudinal component of the rope force on the conveyance is denoted by (6) where θ vr1 and θ vr2 indicate swing angles of vertical ropes in the left side and vertical ropes in the right side, respectively. The transverse distance from conveyance centroid to the left connector point and the right points are stated by r xc1 and r xc2 . The moment of action of the horizontal component of the rope force on the conveyance can be given as
The vertical distance from conveyance centroid to the left connector point and the right points are expressed by r yc1 and r yc2 , respectively.
B. MATHEMATICAL MODEL OF THE PMSM
Since the motors used in the experiment platform are PMSMs, assuming that the motors are fed by balanced voltages and that the motors are symmetrical, the mathematical model of the motors in the dq reference frame can be described as follows [39] 
where ω e denotes the electric angle speed. 
where Z pm = 3 2 p n ψ f indicates the input coefficient of the driving motors.
IV. FAULT TOLERANT CONTROL STRATEGY
This section illustrates a hybrid adaptive learning strategy for fault tolerant control of the DRWMH with actuator faults and disturbances. The simplified closed-loop control diagram can be seen in Figure 4 . Main features of the proposed fault tolerant controller are: (1) an adaptive law is designed to deal with the movable headgear sheave faults, whose parameters are calculated in real time under the condition of Lyapunov stability; and (2) introducing feedback-feedforward iterative learning controller (FFILC) to handle uncertainties and excessive fault error. 
A. CONTROLLER FOR THE MOVABLE HEADGEAR SHEAVE SUBSYSTEM
According to Equations (8)- (10), based on the rotor field orientation control method (i d = 0), the mathematical model of PMSM can be described as
where inertia, speed damping coefficient and load variable of the motors are denoted by J pm , B hs and τ sj (j = 1, 2). State variable of the PMSM can be defined as q pm = q pm1 q pm2
able of the motor is defined as u pmj = i qj (j = 1, 2).The state space equation of the PMSM can be given as
The angular error and its change rate can be defined as
e pm1 =θ hsr /2 −θ hs1 e pm2 = θ hsr /2 + θ hs2 e pm2 =θ hsr /2 +θ hs2 (13) where θ hsr is the reference angular of the PMSM. Consider the following faults form of the headgear sheave actuators
where β pm1 and β pm2 are the performance loss factors of the left movable headgear sheave and the right movable headgear sheave. u ξ 1 and u ξ 2 are actuator bias of the left movable headgear sheave and the right movable headgear sheave. Depending on different values of β pmi (i = 1, 2) and u ξ i (i = 1, 2), different actuator fault forms can be expressed, as shown in Figure 5 , where p max and p min represent maximum position and minimum position of the actuator respectively. For instance, assuming that the fault occurs at t = 0.6 s, if β pmi = 0 and u ξ i = 0, the corresponding actuator occurs lock-in-place fault, if 0 < β pmi < 1 and u ξ i = 0, the corresponding actuator occurs loss of effectiveness fault, if β pmi = 1 and u ξ i = 0, the corresponding actuator occurs random fluctuation fault.
Assumption 1:
Since the neural network has a universal approximation, in this paper, it is assumed that the actuator bias difference can be approximated as follows
where ϕ pm = ϕ 1 ϕ 2 . . . ϕ m T indicates the ideal approximation weight vector of the actuator bias difference. R pm = r 1 r 2 . . . r m T represents the ideal approximation radial basis vector. The approximation error is denoted by ς pm , which is assumed to be bounded and satisfy ς pm < ς pmb . The Gaussian function is chosen as the activation function. Each neuron output of the hidden layer can be obtained as
where r j (x) is the ideal radial basis variable. From Equation (12) and (17), the derivative of the error function can be obtained as followṡ
The current adaptive control law can be designed by
where
pm , κ pm , γ pm , λ pm are four positive constants. Let adaption laws to be defined as followṡ
Theorem 1: For the driving motor mathematical equation described by Equation (12) , if the adaptive control law (19) is applied, then the final state error is bounded.
Proof: Design a Lyapunov function as follows (23) where
The derivative of Lyapunov function with time is given aṡ
Using (14) and (19), we can write (24) as followṡ
Introducing (20) and (21), it is clear thaṫ
It is obvious thaṫ (29) Take λ pm ≥ Z pm ς pmb , hencė
Integrating (30) from 0 to t we can get
where ϑ pm (τ ) = − s pm Z pm ς pmb − λ pm . And then we can geṫ
which means that V is bounded, and s pm , χ pm1 , χ pm2 are all bounded. Therefore, stability of the movable headgear sheave fault tolerant controller is ensured.
B. CONTROLLER FOR HOISTING SUBSYSTEM
The mathematical model of the mechanical subsystem described by Equations (1)- (4) is too complicated to design the controller. However, in the actual working conditions, due to the limitation of the guide rails, the swing angles of the vertical ropes are very small and can be neglected, which means that θ vr1 = θ vr2 ≈ 0. In the meantime, except for the length, the remaining parameters of the ropes on both sides can be considered the same. Under above conditions, take the input of the hoisting subsystem as u c = θ hsr1 -θ hsr2 , where θ hsr1 = -θ hsr2 = θ hsr /2. From Equations (1) and (4), the simplified state space equation of the hoisting subsystem can be obtained as
Here, the drive ratio of gear speed reducer is denoted by i hs = i hsj (j = 1, 2). The drive ratio of the ball screw is stated by z bhs = z bhsi (i = 1, 2). The equivalent stiffness coefficient of the both vertical ropes can be represented by k v = k vi (i = 1, 2). c v = c vi (i = 1, 2) denotes the equivalent viscous coefficient of the both vertical ropes. The transverse distance from conveyance centroid to the connector points can be denoted by r xc = r xci (i = 1, 2). The unmodeled state, model mismatch, disturbances and actuator faults are all denoted by d sk (t). u sk (t) represents the input of the hoisting subsystem.
Since the signals measured by the sensors are the end tensions of the two wire ropes. The output equation of the hoisting subsystem can be obtained as
where F vr = F vr1 − F vr2 represents the calculated tension difference. The measurement coefficient is denoted by ρ sk .
Remark 1:
For the actual DRWMH, the following two properties hold.
(P1) In each condition, the initial resetting condition meet
P2) The sum of model mismatch and uncertainties are bounded and meet d sk ≤ g d .
The output of the designed FFILC can be obtained as
where the feedback part of the controller is denoted by u fb (t) and the feedforward part is indicated by u ff (t),respectively.
where e k skf (t) = F k vrd (t) − F k vr (t) represents the error between the desired tension difference and the measured tension difference in the process of kth operation, the derivative of which is denoted byė k skf (t). T is the cycle time of an iteration and sk = K skp2 /K skd2 .
Along desired conveyance rotation angle (θ dsk ,θ dsk ), (33) can be linearized according to Taylor formula as [40] M skë k+1 sk + C sk ė k+1 sk (38) where
Theorem 2: For the nonlinear hoisting subsystem (33) , if the feedback feedforward iterative control law (35) is adopted, then both the error of the tension difference and the error of the final state are bounded, with the control gains meet following inequalities.
Proof: Please see Appendix. Remark 2: Since the mixing errors in the actual subsystem cannot be avoided, both the error of the tension difference and the error of final state cannot converge to zero.
V. RESULTS AND DISCUSSION
To assess the effect of the proposed hybrid fault tolerant controller, a set of experiments have been performed on the test bench described in Section 2. The photograph of the bench is presented in Figure 6 , and its specifications are listed in Table 1 . 
A. DYNAMIC MODEL VERIFICATION OF THE DRWMH
To demonstrate that the above mathematical models are valid and can be used for controller design, the tension and tension difference signals of the two ropes in the absence of controller are collected and compared with the model simulation results as shown in Figure 7 . Figure 7 (a) illustrates the reference evolution of the speed curve and its derivative to be followed by the conveyance. The reference speed curve contains two acceleration phases, two deceleration phases and two constant velocity phases, where the constant running speed is set to 0.09 m/s. With this kind of design, the conveyance will return to the initial position at the end of a test process, forming a repeating process. Figure 7 (b) and Figure 7 (c) present simulation and experimental comparison results of system tension and tension difference responses without control. It can be seen that simulation results and experimental results can achieve a good fit, which means that the proposed simplified model could predict system behavior and be used for analysis of controller performance.
B. EXPERIMENTAL RESULTS ANALYSIS
To demonstrate the effectiveness and superiority of the proposed hybrid adaptive learning fault-tolerant control algorithm, it is compared with traditional algorithms include PID controller and FFILC under normal and faults working conditions.
The control law of the classic PID controller [41] can be defined as
where K p , K i , K d are respectively, the proportional and integral gains which are selected as follows:
The control vector u generated from FFILC [42] can be obtained as where u ff (t) = u ff (t − T ) + K lp2 e k (t) + K ld2ėk (t). K lp1 , K li1 , K ld1 are respectively, the gains of the feedback parts which are chosen as 2.32, 0.02 and 0.1.K lp2 = 0.5 and K ld2 = 0.01 represent the gains of the feedforward part.
At the same time, set the parameters of the proposed control law (23) as follows: pm = 0.12, κ pm = 0.01, γ pm = 2.3, λ pm = 0.02.
Since the control objective of the system is to minimize the tension difference between the two ropes, the reference of the tension difference signal is set to 0. Here, two important indices maximum tension difference (MTD) and root-sumsquare of absolute errors (RSSAE), are defined to evaluate the performances of all used controllers.
50484 VOLUME 7, 2019 where F k+1 vr (z) represents the calculated tension difference signal during the (k + 1)-th operation at z-th sampling point. The length of tension difference signals is denoted by N .
RSSAE indicates cumulative tension difference, which can be defined as
Both indices are the smaller the better. First, consider the case of no actuator faults, where only disturbances occur. The experimental results with above three controllers are shown in Figures 8-10 . Figure 8 shows the tension responses of the experimental system with traditional PID control under no actuator faults conditions. Figure 9 illustrates tension responses of the experimental system under no actuator faults conditions with the FFILC and the proposed strategy. Figure 10 shows comparison results of MTD, RSSAE and tension difference under no actuator faults conditions with above three controllers.
From the experimental results, it can be seen that traditional PID controller cannot suppress the tension difference fluctuation caused by external disturbances very well, the maximum tension difference reaches 3.572N. With designed parameters, as shown in Figure 9 and Figure 10 reduced up to fifth iteration and basically unchanged from fifth to fifteen iterations with both FFILC and the proposed strategy. Under no actuator faults conditions, the tension coordination control effect of the FFILC and the proposed strategy is basically the same.
In the second situation, consider the case of the left floating headgear sheave actuator failure. During conveyance rising process at time t = 2.5 s to time t = 4 s, and the devolution process at time t = 8.2 s to t = 10.1 s, the left movable headgear sheave suffers a loss of effective and an additive fault such as u f 1 = au 1 +0.1 sin (t), where a is set to 0.7, 0.4, 0. The experimental results are shown in Figures 11-13 . It can be seen that as degree of performance loss of the left actuator increases, the tension difference adjustment effect of the PID controller will become worse and worse, the convergence speed of the iterative learning controller will become slower VOLUME 7, 2019 and slower. When the left actuator is completely disabled, the iterative learning controller will reach the tenth time to converge, while the proposed controller is able to maintain the same performance and convergence speed as in the case of no faults. Which demonstrates superiority and effectiveness of the proposed fault tolerant controller compared to the FFILC and the PID controller under actuator faults conditions.
In the third situation, consider the case of the right floating headgear sheave actuator failure. During conveyance rising process at time t = 2.5 s to time t = 4 s, and the devolution process at time t = 8. Figure 17 and Figure 18 . It can be seen that even in the case where both actuators have the above failures, the proposed controller can maintain good performance of the system.
To this end, the effectiveness of the proposed faulttolerant control method has been verified through experimental results under disturbances and actuator faults conditions.
VI. CONCLUSION
This paper carries an in-depth research on fault tolerant control of DRWMH under actuator faults and disturbances conditions. In order to overcome the impact of faults on the performance of traditional controllers and prevent major accident, in this paper, a novel strategy combining neural-based adaptive technique and iterative learning method is presented. The proposed control strategy adopts a multi-loop conformation, the inner of which employs a robust adaptive controller to deal with the faults of the movable headgear sheave, the outer iterative learning loop consists of a feed forward part and a feedback part to handle disturbances and residual fault influence. Theoretical analysis has been taken to show that the proposed control law is able to guarantee stability under fault conditions and can weaken the tension difference to a certain range. The proposed hybrid fault tolerant approach was successfully put into practice on a DRWMH experimental platform. Experimental results under multiple actuator faults conditions show that compared with the PID controller, the proposed controller has better control effects under the faults and disturbance conditions. Compared with FFILC, the proposed controller has faster convergence speed and can eliminate the impact of faults faster. In the future, we will study the fault-tolerant effect of the controller under time-delay conditions.
APPENDIX PROOF OF THEOREM 2:
From (33), (34) , (35) , (38) , we can get
sk .
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Design a Lyapunov function as follows
The derivative of Lyapunov function with time can be given aṡ 
